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ABSTRACT
Ordered quantum dot molecules are grown by a
modiﬁed MBE growth using thin-capping and re-
growth processes. This technique yields QDs which
are uniform and aligned along [1¯ 10] directions. This
paper presents an attempt to group 4-5 dots per each
quantum dot molecule, in order to form a physical
structure that can function as quantum cellular au-
tomata, giving rise to the possibility of developing
quantum dot molecules for future computing appli-
cations.
1. INTRODUCTION
Computers and electronic devices play a signiﬁcant
role in our everyday life. Due to the need of higher
eﬃciency, higher computing speed, smaller size and
longer life-time, numerous attempts have been made
to scale down the transistors size and to improve its
capabilities.
According to Moores law [1], the number of transis-
tors per chip will double every 18 months. However,
scaling technique encounters limits as the dimension
of a transistor approaches nanometer scale. The at-
tempt to scale down a transistor is met with the
problems of short channel eﬀects (SCE), power dissi-
pation, quantum tunneling in depletion region, non-
uniform doping and electron leakage in oxide layer
[2]. In order to maintain the progress according to
the Moores law, a new computing architecture based
on quantum dots may be necessary.
Our research involves growing groups of quantum
dots (QDs), or quantum dot molecules, that oper-
ate according to the principle of quantum cellular au-
tomata (QCA). Transistors with QCA structure have
the advantage of low power consumption, due to the
fact that there is no current ﬂow between adjacent
QDs.
The QCA principle, based on Coulombs law, gives
rise to devices that can operate as transistors with
low power consumption. It is possible to form the
physical architecture of QCA using top-down tech-
nology such as shadow-mask patterning, lithography
and etching to form homogeneous QDs.
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Self-assembled QDs can be formed by molecular
beam epitaxy (MBE) using a template technique. It
requires only the sequencing of thin-capping and re-
growth processes. This bottom-up technique provides
many beneﬁts and is more practical and suitable for
industrial fabrication. In particular, quantum dot
molecules consisting of 10-12 dots with a speciﬁc pat-
tern aligned along the [1¯ 10] crystallographic direction
has been achieved.
In this paper, an attempt to reduce the number
of dots in each cell to 4-5 dots is presented. The
QCA principle is reviewed in section 2 followed by
quantum dot molecule in section 3, and discussion
and summary in section 4, respectively.
2. QUANTUM CELLULAR AUTOMATA
(QCA)[1]
Fig.1: The basic QCA cell with two possible charge
conﬁgurations [3]
The principle of quantum cellular automata was
ﬁrst proposed by Lent et al [3]. A basic QCA cell
consists of ﬁve dots, as shown in ﬁgure 1. Four dots
are positioned at each corner of the square and the
ﬁfth dot is located at the center.
Each cell contains two excess electrons which are
able to tunnel between the dots. When the inter-dot
barriers are high, the electrons will be localized on
individual dots. The Coulomb repulsion between the
electrons tends to make them align at antipodal sites
with two possible conﬁgurations as shown in ﬁgure 1.
These two stable states can be represented as a cell
polarization P = +1 and P = -1 which may be inter-
preted as binary information: P = +1 corresponds to
a bit ´1´ and P = -1 corresponds to a bit ´0´[4].
The Coulomb interaction between cells causes two
adjacent cells having the same polarization. Notice
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ted. This means that there is no current ﬂow between
the cells. This is the reason why QCA structures con-
sume little power. Figure 2 shows examples of some
QCA arrays. A QCA wire is shown in ﬁgure 2(a). A
QCA inverter is shown in ﬁgure 2(b). And a QCA
majority gate is shown in ﬁgure 2(c). The logic gate
in ﬁgure 2(c) can be used as an OR gate when input
A is kept ﬁxed at ´1´, or as an AND gate when input
A is ﬁxed at ´0´.
For QCA application, the cell size and dot size are
not critical but they must trap single electron in each
dot. The distance among dots must allow electron
tunneling within the cell. However, the cells are not
needed to be separated as in the QCA theory. An
overlapping of quantum dot cells is possible also for
the QCA functioning.
The distance between dots and between cells is a
key parameter giving Coulombic eﬀect in QCA appli-
cation [5]. In our preliminary study, we could control
the dot size and dot density by variation of growth
temperature [6]. Therefore, low dot density could
provide large distance between cells. An appropriate
dot density is therefore a tool in controlling the dis-
tance between dots and between cells of QDMs. Dot
size of QDMs is controlled by regrowth thickness as
shown in the diﬀerence in regrown dot size at 0.9 ML
and 1.2 ML. Further investigations of these dot pa-
rameters for practical application of QDMs for QCA
are needed.
In the next section, the growth of self-assembled
InAs QDs on a lattice-mismatched GaAs substrate
will be discussed.
Fig.2: QCA arrays working as (a) a wire, (b) an
inverter or (c) a majority gate [7]
3. QUANTUM DOT MOLECULES
Fig.3: (a) Randomly distributed QDs (b) Nanoholes
obtained by thin capping process (c) Nano-propeller
quantum dots obtained by the regrowth of 0.6 ML of
InAs on the nanoholes. (d) Quantum dot molecules
obtained by the regrowth of 1.2 ML of InAs on the
nanoholes. (e) Quantum dot molecules formed in a
square shape is an ideal basic QCA cell.
In this work, eﬀorts were made to grow InAs
QDs on GaAs substrate by Stranski-Krastranow (SK)
growth mode using molecular beam epitaxy (MBE).
In the beginning, the (001)-GaAs substrate under-
goes in-situ oxide desorption stage. After oxide des-
orption, a 400-nm thick GaAs buﬀer layer is grown
at 580◦ C and then 1.8-ML of InAs at 500◦ C which
results in randomly distributed QDs across the sub-
strate surface, as shown in ﬁgure 3(a). Afterwards,
6-ML of GaAs capping layer (∼1.66 nm) at 470◦ C
is grown. The lattice-mismatched capping layer in-
creases the strain ﬁelds around the upper layer cover-
ing the QDs. These strain ﬁelds transform the initial
dots into nanoholes with bases aligned along the [1¯ 10]
direction as shown in ﬁgure 3(b).
Then, 0.6 ML of InAs is grown on top of the
nanoholes, giving rise to the nano-propellers shown
in ﬁgure 3(c). The resulting QDs in ﬁgure 3(c) are
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Increasing the thickness of InAs regrown layer to 1.2
ML results in rather homogeneous QDs on the blade
around two sides of nano-propeller. These groups of
QDs are named ”quantum dot molecules”. The quan-
tum dot molecules consist of 10-12 dots surrounding
each central dot. According to the QCAs principle,
each cell should consist of only 4-5 dots, indicated by
the frame shown in ﬁgure 3(e).
When we grow GaAs capping layer on InAs QDs at
450◦C, in stead of the original 470◦ C, nano-propeller
with shorter blades length is obtained. This is shown
in ﬁgure 4. With these shorter nano-propeller tem-
plate, we notice that the number of dots is reduced
to 6-7 dots per molecule. The blades length of nano-
propeller is an important key for reducing a number
of dots per molecules. Further investigations on cap-
ping temperature, capping thickness and composition
of capping materials are in progress.
Fig.4: (a) Nano-propeller with blades length 275 nm
obtained by thin capping process at 470◦C (b) Nano-
propeller with shorter blades length 215 nm obtained
by thin capping process at 450◦C (c) Quantum dot
molecule with shapes length 156 nm.
4. DISCUSSION AND SUMMARY
Fig.5: PL spectra of regrowth QDs at diﬀerent thick-
nesses.
The growth of quantum dot molecules using thin-
capping and regrowth processes is simple and the
quantum dot molecules obtained are uniform. This
is conﬁrmed by photoluminescence (PL) measure-
ments and the associated full-width at half maximum
(FWHM). The FWHM of 0.6-ML InAs regrowth is
24 meV as shown in ﬁgure 5, which is lower than
those obtained from other conventional quantum dots
(∼40-60 meV). The narrower FWHM implies better
dot uniformity.
As the regrown InAs thickness is increased to 0.9
and 1.2 ML, the FWHM increases to 31 and 46 meV,
respectively. This implies the degraded uniformity.
In summary, our modiﬁed MBE process using thin-
capping and regrowth yields QDs which are more uni-
form than the conventional QDs. Further work is
needed in order to reduce the number of dots in each
cell to 4-5 dots to suit the structure of the basic QCA
cell.
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